We report the first experimental verification of a gyrotwistron amplifier. The device utilized a single 9.858 0Hz, TED&z cavity, a heavily attenuated drift tube, and a long tapered output waveguide section. With a 440 kV, 200 -245 A, 1 ps electron beam and a sharply tapered axial magnetic field, peak powers above 21 MW were achieved with a gain near 24 dB. Performance Devices based on the cyclotron maser instability [1, 2] have proven to be efficient, high power, high frequency rf sources (see, e. g. , [3] ). Oscillator configurations include the gyromonotron, which has received the largest effort to date [4 -6], and the gyrobackward wave oscillator (gyro-BWO) [7] . Gyrotraveling wave tubes (gyro-TWTs) [8] and gyroklystrons [9 -12] have successfully demonstrated high power amplification. Applications for these gyrodevices include plasma heating and current drive, deep space and conventional radar, drivers for rf accelerators and supercolliders, and materials processing. Some of these applications require high efficiency, high power amplifiers. A possible candidate for a source with these requirements is the gyrotwistron.
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The gyrotwistron is closely related to the twystron [13] , a linear beam device which utilizes the bunching cavities of the klystron with the output waveguide of the TWT. In an analogous fashion, the gyrotwistron utilizes the bunching cavities of the gyroklystron with the output waveguide of the gyro-TWT. In comparison with the gyroklystron, the gyrotwistron has at least one important advantage: it can sustain higher powers. This is because it has significantly better output coupling than the gyroklystron, whose output cavity has a high quality factor. Therefore, for the same amplitude electromagnetic field in the interaction region, the radiated power is significantly higher in the gyrotwistron. Since this field is limited by breakdown, the gyrotwistron is capable of producing higher microwave power than the gyroklystron. The gyrotwistron also has an advantage over gyro-TWTs because its interaction length is shorter. This is important for the suppression of parasitic modes, whose starting current typically scales inversely as the cube of the length.
In spite of these advantages, researchers have not paid close attention to the gyrotwistron.
It was examined theoretically in the 1970s [14, 15] for weakly relativistic electron beams, and recent work has extended the modeling to the relativistic case [16, 17] and to the design of an experimentally feasible, weakly relativistic tube [18] . However, to our knowledge, until now there have been no experimental results. The goal of our work is to verify the potential capabilities of high power gyrotwistrons. Since susceptibility of these tubes to instabilities in the output waveguide is a critical issue, we developed a nonlinear, multimode, multifrequency code to examine both the stability of parasitic oscillations and the eKciency of the operating mode.
We used this code to design a gyrotwistron operating in the TEoi mode at 9.85 GHz, which produced 21 MW with an efficiency of 22%. The output characteristics and stability properties were in good agreement with theoretical predictions.
We designed the gyrotwistron to be compatible with our gyroklystron test facility [19] . The electron beam was produced by a thermionic double-anode magnetron injection gun [20] , which was capable of delivering a 1 lis, 440 kV pulse at currents up to 245 A. The guide magnetic field was produced by one cathode coil and seven circuit coils, which allowed optimal tapering of the magnetic field. The input cavity was driven by a 2 jLis, 100 kW, 9.7 -10.0 GHz tunable magnetron. An anechoic chamber was used to measure peak output power and mode purity. Previous comparisons with calorimetry measurements resulted in good agreement with the anechoic chamber measurements [11, 12] .
A schematic of the gyrotwistron is shown in Fig. 1 The design of the tube described above proceeded in three steps. The first was to optimize the efficiency of the operating mode using single mode analysis, i.e. , ignoring limitations imposed by instabilities. Current and voltage were set at 220 A and 440 kV, respectively (values consistent with our magnetron injection gun), the velocity ratio, cx = v~/v~~, was set to 1, and the velocity spread was determined by an electrostatic gun code [22] to be around 7%. The efficiency was optimized with respect to the magnetic field profile, input power, shape of the output waveguide, and length of the drift section. The second step was to perform a linear analysis to determine the most unstable parasites. We had hoped that the tapered magnetic field and output waveguide would make the parasites linearly stable, but this was not the case.
Thus, we had to rely on the operating mode to suppress the parasites nonlinearly, and in the third step we performed simulations using our nonlinear, multimode code.
At this step minor modifications were made to the velocity ratio and magnetic field profile to produce a stable design. Details of the formalism used to perform these calculations will be provided in a future publication; here we outline the essential elements of both the linear analysis and the nonlinear, multimode analysis.
To perform the linear analysis for a particular mode, we assumed a steady state, chose a frequency and beam current, and integrated the linearized wave and particle equations through the circuit. At the end of an integration we computed the ratio of the power in the backward wave we average the equations over a cyclotron orbit, ignore space charge, and ignore the effect of the electromagnetic waves on the guiding center radius. Experimentally, the search for the optimal operating point proceeded in much the same way as the theoretical one, except slightly different parameters were varied.
Since the shape of the output waveguide and the length of the drift section were fixed, the parameters that were varied were the beam voltage and current, drive frequency, magnetic field profile, and beam velocity ratio; the last one via magnetic compression. At a given point in parameter space, we searched for peak power by decreasing the cathode magnetic field (thereby increasing a) to a point just before the onset of an instability that degraded the amplified signal. The tube reached its peak power, 21.6 MW, at a voltage of 430 kV and a current of 224 A.
The optimal axial magnetic field profile is indicated in Fig. 3 . The center of the input cavity is located at z = 0 and the plot extends to the end of the output waveguide section. As shown in Fig. 3 , the empirically determined profile was quite close to the optimal theoretical profile.
The peak power results are shown in Figs. 4 and 5. Figure 4 shows the time evolution of the amplified signal at the optimal parameters. The solid line indicates the microwave pulse from the X-band detector; the dashed line represents the voltage pulse. Figure 5 shows the peak power measurement (solid line) and efficiency (dashed line) as a function of beam current. Also shown are the theoretical predictions from numerical simulations.
The peak power and eKciency shown in Fig. 4 were limited by a parasitic TE~q mode. Such competition was also observed in experiments with gyro-TWTs [23] , where at high enough drive power single mode operation was observed, while at low power the operating mode was not able to suppress the parasite. Identical behavior occurs in a gyrotwistron: single mode operation at high drive power, coexistence of the operating mode, and a parasite at low drive power. Between these two regimes, several scenarios are a priori possible in gyrotwistrons. Simulations of this experiment suggest the one illustrated in Fig.  6 . In this figure the efficiency of the operating mode in the presence of the parasite is plotted versus drive power in the first cavity. The dashed line is the operating mode efficiency without the parasite, the solid line is efficiency when the parasite is taken into account. In region III of Fig. 6 , the drive power is high enough that single mode operation is the only stable state. In region I, the drive power is so low that the operating mode cannot suppress the parasite and the operating mode and parasite coexist. In region II, there are two possible anal states: single mode operation (dashed curve) and multimode operation (solid curve). Which final state the system chooses depends on the initial conditions, and in a device with a long enough pulse that the drive power could be varied, hysteresis could be observed as shown by the arrows in region II. Figure 6 represents a scenario which can be interpreted not only in terms of the input power but also in terms of the velocity ratio. Two things happen to the curve shown in Fig. 6 as the velocity ratio increases: the peak efficiency increases, and the transition region, region II, moves to the right, toward higher power. Scaling this device to output power levels consistent with the requirements of future linear colliders, such as the Next Linear Collider [24] (100 -300 MW in the 10-20 GHz range), is reasonably straightforward.
The primary requirements for achieving such power levels are a magnetron injection gun capable of producing a multihundred MW electron beam (the beam power in this experiment was slightly less than 100 MW) and the construction of a nonresonant output window. Such a magnetron injection gun has been designed [25] , and the construction of a broadband output window is difficult but feasible [26] . And, just as important, the close agreement between theory and experiment gives us confidence in our ability to design stable gyrotwistrons at significantly higher power than the one described here.
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